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Helping Thy Neighbors:PIP2 binds to and modulates KCNQ channel subunits.
A second question concerns the identity of the “soluble” Spillover at the Mossy
factor involved in M channel modulation. Cell-attached Fiber Glomerulus
patch clamp experiments (Selyanko et al., 1992) impli-
cate an intracellular molecule capable of diffusing into
the membrane region circumscribed by the patch elec-
trode. Does PLC diffuse laterally along the plasma mem- Neurotransmitter “spillover” between neighboring
brane, being perhaps attracted to regions of greater synapses challenges the principle of synapse specific-
PIP2 concentration by an affinity for PIP2? Conversely, ity. In this issue of Neuron, DiGregorio et al. (2002)
does PIP2 follow a concentration gradient and diffuse show that release from neighboring presynaptic sites
to regions depleted by PLC? Finally, is a molecule with contributes significantly to AMPA receptor-mediated
an affinity for PIP2 released from the membrane following postsynaptic currents at cerebellar mossy fiber syn-
PIP2 breakdown thus facilitating interaction with distant apses. Unexpectedly, spillover is predicted to improveM channels? A final question is whether voltage-gated
the reliability and reduce the variability of transmissionchannels other than K channels are modulated by a
at this glomerular synapse.similar mechanism. In sympathetic neurons, a form of
voltage-independent N-type Ca2 channel inhibition
Chemical synaptic transmission is a sloppy business.produced by mAChR activation has characteristics simi-
Consider first the process of neurotransmitter release. Inlar to those of M channel modulation (Bernheim et al.,
response to an action potential, release is probabilistic,1991; Shapiro et al., 1994). This begs the question as
with probabilities at most synapses hovering around 0.5.to whether the two signaling pathways share common
Making matters worse, once release occurs, diffusionelements.
quickly makes a mess of things. Initially, neurotransmit-A classical view of ion channels is that of transmem-
ter is constrained by the structure of the synapse. Vesi-brane proteins bobbing in a sea of lipids—with lipids
cles containing neurotransmitter fuse at active zonesmerely providing the necessary electrical insulation to
located directly across the synaptic cleft from targetmake charge movement a practical form of signaling.
receptors that sit in the postsynaptic density (PSD).The work of Suh and Hille (2002) adds the KCNQ family
However, shortly after release, problems mount. Withinof K channels to a growing list of ion channels critically
hundreds of microseconds, neurotransmitter moleculesdependent on the local lipid environment in which they
have fled the PSD (the area considered to form theare “floating.” Given the explosion of recent advances
in phospholipid-ion channel interactions, it seems pru- boundaries of the synapse). Outside of the synapse,
Previews
413
neurotransmitter molecules are free to plunder, merrily give rise to the slow responses, that receptors are local-
ized to extrasynaptic membrane, or that multiple quantaactivating all sorts of receptors. In the process, synapse
independence breaks down, neural representations de- are released at single presynaptic sites, which would
slow glutamate clearance without the contribution ofgrade, nascent memories are lost, consciousness blurs,
etc. In the words of my grandmother, “all hell breaks neighboring sites. As these alternatives could not ex-
plain the two different EPSC types, the authors turnedloose.”
These hypothetical fears have been a focus for neuro- to a more heretical explanation, that spillover may be
activating synaptic AMPA receptors.physiologists in recent years. Much of the attention has
concentrated on two questions. First, does spillover oc- To evaluate the spillover hypothesis, they systemati-
cally examined the slow- and fast-rising EPSCs. Firstcur from my favorite synapse? (To summarize results
from many, many studies: yes, it does). A second, more they used the low-affinity competitive antagonist kynur-
enate to probe whether peak glutamate concentrationsinteresting question is, given that neurotransmitter es-
capes your synapse, what are the consequences? are lower for the slow-rising EPSCs. Because low-affin-
ity antagonists such as kynurenate dissociate from re-Which receptors are activated, and where are they lo-
cated? Recent studies of different glutamate synapses ceptors extremely rapidly, they allow glutamate to com-
pete with them during the brief nonequilibrium periodhave shown that certain subtypes of postsynaptic gluta-
mate receptors such as NMDA (Isaacson, 1999; Arnth- after release (Diamond and Jahr, 1997). As predicted,
if slow EPSCs are associated with a lower glutamateJensen et al., 2002; Chen and Diamond, 2002; Clark and
Cull-Candy, 2002) and metabotropic glutamate recep- concentration, kynurenate more strongly inhibited slow-
rising EPSCs and speeded the decay rate of EPSCstors (Brasnjo and Otis, 2001) can be activated by spill-
over. This makes some sense, as these receptor types made up of both slow- and fast-rising components.
If slow-rising EPSCs require release from several ofhave relatively high affinities (micromolar) for glutamate
and are located at the edges of synapses or nearby the approximately 150 presynaptic sites in a glomerulus
to cooperatively generate a glutamate transient, thenin extrasynaptic membrane. By comparison, neuronal
AMPA receptors, the glutamate receptor class with pri- reductions in release probability would be expected to
have more severe effects on the slowly rising componentmary responsibility for fast excitation, do not seem to
detect spillover from synapses (although see Carter and of the EPSC. Indeed, lowering extracellular calcium con-
centrations had just this effect, accelerating the decay ofRegehr, 2000). Again, this makes sense. AMPA recep-
tors on neurons are typically confined within PSDs and compound events. Cooperativity underlying slow-rising
EPSCs also leads to another prediction. The trial-to-trialshow much lower affinities for glutamate (hundreds of
micromolar to millimolar), meaning that glutamate would variability of the slow components of EPSCs should be
relatively lower than the variability of the fast-risinghave to escape one synapse and diffuse into a neigh-
boring synapse at sufficiently high concentration to acti- EPSC generated by release from the few sites directly
opposed to a GC dendrite. Indeed, DiGregorio et al.vate AMPA receptors. Interestingly, AMPA receptors on
glial cells can be activated quite effectively by spillover found that variability normalized to mean current ampli-
tude is reduced during the slow phases of the EPSC.(Bergles and Jahr, 1997; Dzubay and Jahr, 1999).
A paper by DiGregorio, Nusser, and Silver (2002) in Using a clever analysis of variance, they further provided
a lower limit estimate of three for the number of indirectthis issue of Neuron provides the clearest evidence yet
for such indirect activation of synaptic AMPA receptors. relative to direct release sites contributing to the spill-
over signal.They made use of a special type of excitatory synapse in
the cerebellum, a glomerular synapse formed by single This estimate implies that not all of the presynaptic
sites on a mossy fiber terminal have spillover access tomossy fiber boutons and the dendrites of granule cells
(GCs). GCs are a patch clamper’s dream; their compact each synapse, but how do these numbers translate to
a fraction of all of the release sites in a glomerulus?electrical structure allows for unparalleled resolution of
synaptic currents. DiGregorio and colleagues took ad- Given the mean synaptic current reported in this study
(47 pA; see legend for Figure 8) and a quantal size ofvantage of this preparation to discriminate two compo-
nents of AMPA receptor-mediated excitatory postsyn- 18 pA (Wall and Usowicz, 1998), this would suggest a
lower limit (for direct input) on the quantal content ofaptic currents (EPSCs) on the basis of kinetics. Rapidly
rising and decaying EPSCs represented run-of-the-mill, 2.6. Although release probability at adult mossy fiber
synapses is not known for certain, 0.5 is a reasonabledirect input to AMPA receptors. In contrast, slowly rising
and decaying EPSCs were attributed to release at pre- starting point. So we have 5.2 sites contributing to the
fast-rising response. Three times that many indirectsynaptic sites that do not appose a synapse on the
recorded GC. The slowness of these EPSCs thus results sites yields 16, which is about 11% (16/150) of the total
number of release sites in a typical glomerulus. Offrom the slight diffusional delays and the lower concen-
trations dictated by release elsewhere on the mossy course this is a loose estimate, but it fits nicely with
intuition. Presumably those sites that can spill into syn-fiber bouton. Most EPSCs consist of a sum of both
components, but due to the stochastic nature of release, apses on the recorded cell are the sites situated most
closely or those with the freest diffusional path.isolated slow-rising and fast-rising EPSCs were dis-
cernable. Interestingly, despite this detailed evidence for coop-
erativity among release sites in shaping the slow phaseThrough a careful series of control experiments, Di-
Gregorio and his collaborators ruled out other possible of the EPSC, inhibiting glutamate uptake had minimal
effects on the spillover-mediated component of singleexplanations for the slow-rising signals: that slow re-
sponses are electrically filtered due to a distal dendritic EPSCs and only moderately slowed currents evoked
by trains of stimuli, consistent with previous studieslocation, that different axonal inputs or receptor types
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Diamond, J.S., and Jahr, C.E. (1997). J. Neurosci. 17, 4672–4687.(Overstreet et al., 1999). This suggests that neither neu-
DiGregorio, D.A., Nusser, Z., and Silver, R.A. (2002). Neuron 35, thisronal nor glial transporters have significantly infiltrated
issue, 521–533.between release sites at this synapse. Although the glo-
Dzubay, J.A., and Jahr, C.E. (1999). J. Neurosci. 19, 5265–5274.merulus is surrounded by a glial sheath, EM reconstruc-
Isaacson, J.S. (1999). Neuron 23, 377–384.tions show that glial membranes do not seem to be
Overstreet, L.S., Kinney, G.A., Liu, Y.B., Billups, D., and Slater, N.T.interposed between release sites and GC dendrites.
(1999). J. Neurosci. 19, 9663–9673.What consequences does spillover have on the volt-
Wall, M.J., and Usowicz, M.M. (1998). Nat. Neurosci. 1, 675–682.age changes that influence GC firing? This is perhaps
the most intriguing result of this study–it is predicted
that at least half of the charge carried by the average
EPSC is due to spillover. Due to the extremely high input
resistance and tiny membrane capacitance of GCs, this
extra charge packs a wallop. In computational simula-
tions, the addition of a slow-rising component increased
the peak of the synaptic potential by 27% and increased
the half decay time by 54%. Moreover, isolated slow-
rising EPSCs were capable of depolarizing the GC al-
most as effectively as a direct input (only 22% smaller).
Considering the higher reliability and lower variability
of the spillover-mediated currents, spillover ends up
working to counter the stochastic nature of release. Pre-
vious work shows that although they are the most reli-
able, synapses with the highest release probabilities
show the strongest presynaptic depression. Thus, in
addition to slightly increasing divergence, spillover in
the mossy fiber glomerulus may serve as a nifty mecha-
nism to ensure that GCs, while relying on a minimal
number of synapses, are able to follow presynaptic in-
puts at high frequency with high reliability.
But in the end, we are still left with the bothersome
question of whether spillover contributes to AMPA re-
ceptor activation at your favorite synapse. Those fearful
of the havoc that spillover can wreak will argue that the
mossy fiber glomerulus is a special synaptic structure,
that having neighboring release sites separated by 0.7
m is rare, and that glutamate transporters are almost
always in between the bad sources of glutamate and
the synaptic AMPA receptors. But, as this paper shows,
it is not easy to separate spillover from direct transmis-
sion, and few other synapses provide the technical ad-
vantages of the mossy fiber to GC connection. Now
that a constructive role for spillover has been identified,
perhaps others will reexamine whether spillover occurs
to AMPA receptors at their favorite synapse. And who
knows, maybe that neighbor you have always consid-
ered to be a pain in the neck will turn out to be really
helpful after all.
Thomas S. Otis
Department of Neurobiology
University of California, Los Angeles
School of Medicine
Los Angeles, CA 90095
Selected Reading
Arnth-Jensen, N., Jabaudon, D., and Scanziani, M. (2002). Nat. Neu-
rosci. 5, 325–331.
Bergles, D.E., and Jahr, C.E. (1997). Neuron 19, 1297–1308.
Brasnjo, G., and Otis, T.S. (2001). Neuron 31, 607–616.
Carter, A.G., and Regehr, W.G. (2000). J. Neurosci. 20, 4423–4434.
Chen, S., and Diamond, J.S. (2002). J. Neurosci. 22, 2165–2173.
Clark, B.A., and Cull-Candy, S.G. (2002). J. Neurosci. 22, 4428–4436.
